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The development of more productive strains of microorganisms and processes that increase enzyme lev-
els can contribute to the economically efﬁcient production of second generation ethanol. To this end, cel-
lulases and xylanases were produced with the S1M29 mutant strain of Penicillium echinulatum, using
different concentrations of cellulose (20, 40, and 60 g L1) in batch and fed-batch processes. The highest
activities of FPase (8.3 U mL1), endoglucanases (37.3 U mL1), and xylanases (177 U mL1) were
obtained in fed-batch cultivation with 40 g L1 of cellulose. The P. echinulatum enzymatic broth and
the commercial enzyme Cellic CTec2 were tested for hydrolysis of pretreated sugar cane bagasse. Maxi-
mum concentrations of glucose and xylose were achieved after 72 h of hydrolysis. Glucose yields of 28.0%
and 27.0% were obtained using the P. echinulatum enzymatic extract and Cellic CTec2, respectively.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
The bioconversion of lignocellulose to ethanol involves three
steps: a pretreatment to reduce substrate recalcitrance, enzymatic
hydrolysis of the cellulose and hemicellulose components to sim-
ple sugars, and fermentation of the sugars to ethanol (Berlin
et al., 2006). The pretreatment and hydrolysis steps still remain
as economic barriers to full-scale commercial use of the process
(Singh et al., 2009). Several companies worldwide are currently
working towards the development of technologies for producing
cellulosic ethanol on a commercial scale but despite the efforts of
many laboratories, no commercially efﬁcient enzyme complex
has yet been produced.
Efﬁcient cellulose hydrolysis requires the cooperative action of
endoglucanases (EG), cellobiohydrolases (CBH), and b-glucosidase
(bG). Hemicellulases, xylanases, and mannanases, as well as acces-sory enzymes including acetyl xylan esterases, arabinofuranosidas-
es, and sometimes certain phenolic esterases, are needed to expose
cellulose microﬁbrils covered by hemicelluloses (Zhang et al.,
2012). Maximization of enzyme production requires hyper-pro-
ducing fungi, a suitable growth medium, and optimized fermenta-
tion conditions (Delabona et al., 2012). Submerged fermentation
(SmF) is used in large-scale operations for enzyme production by
ﬁlamentous fungi, since it offers better monitoring facilities and
ease of handling (Singhania et al., 2010). Cellulases and xylanases
can be produced by SmF in shake ﬂasks (Dillon et al., 2011) or in
bioreactors (Jorgensen et al., 2005).
Three modes of bioreactor operation have been described,
namely batch, continuous, and fed-batch. In a batch fermentation
process, all the required nutrients, with the exception of pH adjust-
ers and oxygen (if the fermentation is aerobic), are present in the
culture medium prior to inoculation. Continuous fermentation pro-
cesses have both an inﬂow and an outﬂow of the nutrient medium,
so that the volume in the bioreactor remains constant and all the
nutrients in the medium are present at constant concentrations.
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plied to the bioreactor, but there is no outﬂow during the run (Bai-
ley and Tahtiharju, 2003; Belghith et al., 2001).
Industrially, cellulases and xylanases are mainly produced using
ﬁlamentous fungi, especially various Trichoderma species. Tricho-
derma reesei RUT-C30 is recognized as one of the best hyper-pro-
ducing cellulolytic fungi (Ahamed and Vermette, 2008a). Several
fungal species belonging to the genera Penicillium also deserve
attention as alternatives to T. reesei for the production of second
generation biofuels. High b-glucosidase activity in the extracellular
cellulases secreted by Penicillium species is one of the major advan-
tages that these fungi have over T. reesei (Gusakov, 2011).
Penicillium echinulatum is among the microorganisms that show
excellent potential for enzyme complex secretion to enable the
efﬁcient enzymatic conversion of biomass into ethanol Mutants
of P. echinulatum are able to secrete high cellulase titers in both
submerged fermentation (Dillon et al., 2006, 2011) and solid-state
fermentation (Camassola and Dillon, 2007). Moreover, the FPase
and b-glucosidases of P. echinulatum have relatively good thermal
stability at 50 C (Camassola et al., 2004), and the cellulase com-
plex presents a ratio of FPase and b-glucosidase that favors more
efﬁcient hydrolysis of cellulose, when compared to the cellulases
of T. reesei (Martins et al., 2008).
The most widely used method of cellulase and xylanase produc-
tion by fungi is still the batch process, although the fed-batch tech-
nique has been shown to provide higher enzyme yields (Belghith
et al., 2001; Hendy et al., 1984; Szabó et al., 1996; Ximenes et al.,
2007). The advantage of fed-batch cultivation is that it enables
the use of higher concentrations of the substrate inductor, which
when added in stages reduces the negative effects of catabolite
repression and viscosity (Esterbauer et al., 1991). However, few
studies have been undertaken using this process, due to the com-
plexity of the feed system (since the substrate is usually cellulose).
At present, little is known concerning cellulase and xylanase
production by P. echinulatum in bioreactors, since all the available
information on submerged enzyme production using these fungi
has been obtained with shake ﬂasks. The present study describes
the production of cellulase and xylanase complexes in batch and
fed-batch cultures using P. echinulatum S1M29. In addition, the en-
zyme complex obtained was evaluated for the sacchariﬁcation of
sugar cane bagasse that had been pretreated by steam explosion,
and was compared with a commercial enzyme complex.2. Methods
2.1. Strains
The fungal strain used in this study was P. echinulatum S1M29,
obtained from the mutant strain 9A02S1 (Deutsche Sammlung von
Mikroorganismen und Zellkulturen – DSM 18942) after several
mutagenesis steps (Dillon et al., 2006).
The strain was grown and maintained on cellulose agar (C-agar)
consisting of distilled water containing 10 g L1 swollen cellulose,
1.0 g L1 proteose peptone (Oxoid L85), 100 mL L1 of the mineral
solution described by Mandels and Reese (1957), and 20 g L1 agar.
The strain was grown on C-agar slants for up to 7 days at 28 C, un-
til conidia formed, and then stored at 4 C until needed.2.2. Medium and inoculum
The production medium consisted of 20, 40, or 60 g L1 cellu-
lose (Celuﬂok E), 5.0 g L1 sucrose, 2 g L1 soybean meal,
5.0 g L1 wheat bran, 0.5 g L1 Prodex, 1.0 g L1 Tween 80, and
100 mL L1 of a mineral solution based on the Mandels and Reese
(1957) formulation, consisting of (g L1): KH2PO4 (5), (NH4)2SO4(14), MgSO47H2O (6), CO(NH2)2 (6), CaCl2 (6), FeSO47H2O (0.1),
MnSO4H2O (0.0312), ZnSO47H2O (0.028), and CoCl26H2O (0.04).
The bioreactor experiment was initiated with 10% (v/v) of a cul-
ture that had been pre-grown for 48 h. This pre-growth culture
was performed in 500 mL Erlenmeyer ﬂasks containing 100 mL of
production medium, but with reduced quantities of cellulose
(0.5%,w/v), sucrose (0.1%,w/v), and mineral solution (5%,v/v). After
autoclaving, the ﬂasks were inoculated with a conidial suspension
(1  107 conidia mL1) and maintained at 28 C with reciprocal
shaking at 180 rpm for 2 days.
2.3. Submerged fermentation
The fermentations were conducted in a New Brunswick stirred
tank reactor (BioFlo/CelliGen 11) with a working volume of 2.0 L.
The cellulose concentrations studied were 20, 40, and 60 g L1, in
a working volume of 1.2 L for both batch and fed-batch modes.
The fed-batch experiments were started with 10 g L1 of cellulose.
The feed consisted of 5.0 g L1 autoclaved cellulose, supplied every
12 h after the ﬁrst 48 h of cultivation, except in the 60 g L1 of cel-
lulose assay. In this assay it was added 5.0 g L1of cellulose at 48,
60, 72, 84, 96 and 108 h of cultivation. At 120 and 132 h of cultiva-
tion were added 10 g L1 of cellulose, to avoid a lengthy cultivation
time. To 20 g L1 of cellulose the feedings were done at 48 and 60 h
and to 40 g L1 of cellulose were done at 48, 60, 72, 84, 96 and
108 h of cultivation. In order to compare the batch and fed-batch
procedures, assays were carried out in the same bioreactor, and
the same ﬁnal cellulose concentration was employed. Single exper-
iments were performed in all cases.
In all experiments, the temperature was kept at 28 C and a pH
of 6.0 was maintained using automatic additions of NH4OH
(6.4 mol L1) and H2SO4 (0.4 mol L1). The dissolved oxygen con-
centration was maintained above 30%, with aeration varying be-
tween 0.25 and 2.5 vvm, and stirring speeds were between 270
and 750 rpm.
Foaming was controlled with polyethylene glycol (Fluent-Cane
114 polyglycol, Dow Chemical S.A.). The cultivations were contin-
ued up to 168 h, and samples (10 mL) were removed every 12 h
after the ﬁrst 24 h. The sample was centrifuged (10,000 rpm) after
addition of sodium azide (0.02%,w/v), with the precipitate being
used for cellulose determination and the supernatant for measure-
ment of enzyme activity.
2.4. Determination of cellulose content
The residual cellulose content in the samples was determined
according to Ahamed and Vermette (2008a). The procedure em-
ployed 10 mL of culture medium, which was centrifuged at
10,000 rpm for 20 min, followed by removal of the supernatant
using a pipette. The resulting pellets were suspended in 3 mL of
a solution of acetic acid and nitric acid, leaving the mixture in a
water bath at 100 C for 30 min. After cooling and centrifugation
at 10,000 rpm for 20 min, the pellets were washed with distilled
water (10 + 10 mL) in a dry ﬁlter paper and weighed. The residual
pulp was dried at 50 C for 48 h.
2.5. Enzymatic assays
Endoglucanase and FPase activity was determined according to
Ghose (1987), using 2% carboxymethylcellulose and Whatman No.
1 ﬁlter paper, respectively, in 0.05 M sodium citrate buffer (pH 4.8).
The activity of b-glucosidase was measured using q-nitrophenyl-b-
D-glucopyranoside (Daroit et al., 2008). Xylanase activity was
determined according to Bailey et al. (1992). The concentration
of reducing sugars was estimated using the dinitrosalicylic acid
method of Miller (1959). One unit of enzyme activity was deﬁned
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conditions.
2.6. Enzymatic sacchariﬁcation
The sugar cane bagasse was pretreated by steam explosion fol-
lowed by partial deligniﬁcation, as described by Rocha et al. (2012),
and the composition of the resulting material was (dry weight ba-
sis): cellulose 77.89 ± 0.23%; hemicellulose 7.09 ± 0.11%; lignin
16.22 ± 0.02%; ash 4.91 ± 0.08%.
The pretreated bagasse (DSB) was thoroughly washed with
water, dried at room temperature, milled, and classiﬁed using a
35 mesh sieve. It was then subjected to enzymatic sacchariﬁcation
using a P. echinulatum enzymatic solution that contained
1.93 FPU mg1 of cellulase, 43.73 U mg1 of xylanase, and
0.93 U mg1 of b-glucosidase, obtained by fed-batch fermentation
using the production medium described above (containing
40 g L1 of cellulose). A comparison was made with the Cellic
CTec2 enzymatic cocktail (Novozymes, Denmark), which contained
1.39 FPU m1 of cellulase, 2.98 U mg1 of xylanase, and
0.82 U mg1 of b-glucosidase. The enzymatic hydrolysis experi-
ments were performed at 50 C and 250 rpm in 50 mL conical
shake ﬂasks, with 1.0 g of DSB suspended in 20 mL of 50 mM so-
dium citrate buffer (at pH 4.8) containing 1.0 mg of sodium azide.
The enzyme/pretreated biomass ratio used was equivalent to
10 FPU g1. An extra supplementation of 20 U of b-glucosidase
(NS 50010,Novozymes) per gram of substrate was added to ensure
complete conversion of cellobiose to glucose. During the experi-
ments, samples were periodically withdrawn and centrifuged at
10.000 rpm for 20 min at 10 C. Concentrations of carbohydrate
were determined by HPLC, as described by Rocha et al. (2012).
The yields of glucose and xylose were calculated from the theoret-
ical carbohydrate content of DSB. The hydrolysis experiments were
carried out in duplicate, and the results were presented as
means ± standard deviations.
2.7. Analysis of results
PrismGraphPad software was used for construction of graphs
and data processing. The results were analyzed by ANOVA, with
the Tukey post hoc test and p < 0.05.3. Results and discussion
3.1. Production of cellulases and xylanases in batch and fed-batch
processes
In order to secrete cellulase, ﬁlamentous fungi require
induction using a cellulose substrate. However, a high cellulose0 24 48 72 96 120 144 168
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Fig. 1. Consumption of sucrose (A) and cellulose (B) by Penicillium echinulatum S1M2concentration results in increased mass transfer limitations and
catabolic repression. In this work, cellulase production by P. echi-
nulatum in submerged fermentation batch and fed-batch proce-
dures was evaluated using different ﬁnal cellulose
concentrations. It can be seen from Fig. 1A that P. echinulatum
was able to metabolize sucrose, which was totally consumed in
the ﬁrst 24 h of cultivation under all experimental conditions.
Similar to sucrose, consumption of cellulose began in the ﬁrst
24 h of cultivation, with between 70% and 80% of the cellulose hav-
ing been consumed after 48 h (Fig. 1B). In the fed-batch experi-
ments, the feed was initiated at 48 h, with 5.0 g L1 of cellulose
being added to the fermentor every 12 h. It should be noted that
it was not possible to observe the increase in the cellulose concen-
tration following substrate addition, because sampling took place
12 h later. The small increase in the cellulose concentration at
the end of the 60 g L1 of cellulose fed-batch experiment (after
120 h) was due to the higher substrate addition (10 g L1) at 120
and 132 h of cultivation (Fig. 1B).
Analyses were also made of the oxygen consumption rate and
the impeller rotation speed required to maintain the oxygen level
above 30% of air saturation (Fig. 2). The runs began with oxygen at
90% of air saturation, with the value decreasing to 30% at 12 h, in
all assays. The stirring rate was programmed (using automated
software control) to vary between 270 and 550 rpm, with an air
ﬂow rate of between 0.25 and 2.5 L min1. However, in both batch
(40 and 60 g L1) and fed-batch (60 g L1) modes it was necessary
to increase the maximum rate of stirring to 750 rpm in order to
maintain a satisfactory concentration of dissolved oxygen in the
culture media (Fig. 2).
During the fed-batch experiments, a decrease of the dissolved
oxygen concentration in the culture media was observed soon after
the addition of cellulose, possibly due to the higher cellulose con-
centrations (Szabó et al., 1996; Watson et al., 1984). Comparison of
the stirring rates for the batch and fed-batch procedures, using
40 g L1 of cellulose, clearly showed that the stirring speeds re-
quired under fed-batch conditions were slower than needed in
batch mode, indicating an advantage of the fed-batch procedure
in terms of energy usage and probably also cellulase and xylanase
production.
The advantages of intermittent substrate addition, as adopted in
the present work, include fewer problems associated with aeration,
agitation, and foam formation, and the alleviation of substrate inhi-
bition (Esterbauer et al., 1991), as well as reduced risk of fragmen-
tation of the mycelia (Ganesh et al., 2000).
Patel et al. (2009) studied the growth of T. reesei RUT-C30 in dif-
ferent bioreactors, and found that higher agitation frequencies in-
creased the biomass, due to a better oxygen supply, although a
lower agitation rate resulted in higher FPase values.
In the case of the batch and fed-batch procedure, the higher cel-
lulose concentrations employed resulted in higher b-glucosidase0 24 48 72 96 120 144 168
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9 grown in batch and fed-batch cultures using different cellulose concentrations.
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Fig. 2. Dissolved oxygen concentration (% of air saturation) and rate of stirring during batch and fed-batch bioreactor cultures of Penicillium echinulatum S1M29, employing
different amounts of cellulose.
600 L.d., Reis et al. / Bioresource Technology 146 (2013) 597–603enzymatic activities (Fig. 3A). The highest activity achieved was
5.8 U mL1 at 168 h of cultivation, for both batch and fed-batch
experiments using 60 g L1 of cellulose. However, b-glucosidases
activities continued to show an upward trend after 168 h
(Fig. 3A), suggesting that maximum values had not been reached.
Kim et al. (1997) employed A. niger with rice straw as substrate,
and found that use of fed-batch mode did not improve the yield
of b-glucosidases.
The increase in FPase activity in fed-batch mode, relative to
batch mode, is illustrated in Fig. 3B. In fed-batch cultivation, FPase
values were 25%, 40%, and 110% higher than observed in the batch
processes, for 20, 40, and 60 g L1 of cellulose, respectively. Maxi-
mum activity of 8.3 U mL1 was obtained after 144 h in fed-batch
culture with 40 g L1 of cellulose.
For comparative purposes, Table 1 provides the FPase activities
described in several published studies of cellulase production
using fed-batch processes. The data suggest that other fungi,
including T. reesei RUT-C30, also have potential to produce high
FPase activities, especially if elevated cellulose concentrations are
used.
The FPase activity (5.9 FPU mL1) obtained at 144 h in the batch
procedure employing 40 g L1 of cellulose (Fig. 3B) was higher than
obtained by Ahamed and Vermette (2008b) using T. reesei in afed-batch procedure. In the latter work, the cultivations were initi-
ated with 50 g L1 of cellulose, and additions of lactose (150 g L1)
and lactobionic acid (1.0 g L1) were started after two days of batch
culture and continued for three days. A maximum activity of
5.0 FPU mL1 was obtained at 120 h of cultivation.
Hendy et al. (1984) described the advantages of fed-batch pro-
cesses, in terms of better yields and higher cellulase production,
compared to batch and continuous processes. Using strains of T.
reesei RUT-C30 in batch culture, FPase activity of 8.0 FPU mL1
was obtained when 50 g L1 of Solka Floc 200 was used as the car-
bon source. When 75–100 g L1 of the carbon source were used in
the same process, the secretion of cellulase remained unaltered,
but there was a decrease in productivity (FPU L1 h1) due to
slower growth rates caused by difﬁculties in agitation and aeration.
However, in fed-batch cultivation with Solka Floc, added using
different feeding regimes at levels of up to 100 g L1 of cellulose,
cellulase activities exceeding 25 FPU mL1 were obtained, with
productivities exceeding 100 FPU L1 h1. It was also found that
feeds with higher substrate amounts decreased the enzyme titers,
but enhanced productivity due to shorter cultivation times.
Higher endoglucanase activities were also obtained in fed-batch
cultures, compared to batch cultures, with a maximum value of
37.3 U mL1 in fed-batch cultivation with 40 g L1 of cellulose
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Fig. 3. b-glucosidase (A), FPase (B), endoglucanase (C) and xylanase (D) activities during batch and fed-batch Penicillium echinulatum S1M29 cultures employing different
cellulose concentrations.
Table 1
Comparison of cellulase production by fungi in fed-batch processes using different
substrates.
Microorganism Substrate and
concentration (%,w/v)
Enzyme activity
(FPU mL1)
Ref.
P. echinulatum
S1M29
Celuﬂok E (4%) 8.3 This work
Acremonium
cellulolyticus C-1
Solka Floc (5%) 34.6 Fang et al. (2009)
P. occitanis Pol6 Avicel PH 101
(16%)
23 Belghith et al.
(2001)
T. reesei QM6a Hydrolyzed cellulose
(12%)
11.8 Allen and Roche
(1989)
T. reesei QM 9414 Cellulose (4.2%) 3.2 Ghose and Sahai
(1979)
T. reesei RUT-C30 Hardwood pulp
(25%)
57 Watson et al.
(1984)
T. reesei RUT-C30 Solka Floc BW 200
(10%)
26.2 Hendy et al.
(1984)
T. reesei RUT-C30 Solka Floc (8%) 31 McLean and
Podruzny (1985)
T. reesei RUT-C30 Fermented corn
residue (5.3%)
1.9 Ximenes et al.
(2007)
L.d., Reis et al. / Bioresource Technology 146 (2013) 597–603 601(Fig. 3C). However, the activities were similar for fed-batch and
batch cultures that used 20 g L1 of cellulose. The high value
(37.3 U mL1) obtained for endoglucanase activity with 40 g L1
of cellulose exceeded the value of 21 U mL1 reported for P. occit-
anis, also cultivated under fed-batch conditions (Belghith et al.,
2001).
For xylanases, the maximum activity in fed-batch culture using
40 g L1 cellulose was 177 U mL1 at 120 h (Fig. 3D). This was
superior to the maximum xylanase activity of 148 U mL1 at
168 h of cultivation reported by Ximenes et al. (2007) for fed-batch
cultures of T. reesei RUT-C30 using fermented corn residue as
substrate.
The fed-batch technique has the advantage of enabling glucose
levels to be kept low, while maintaining adequate quantities of cel-
lulose for the microorganism (Szabó et al., 1996). Even cellobiose, a
natural inductor, can suppress the production of cellulases when
the carbon source concentration is above a certain threshold limit,
which can occur in batch processes (Eriksson and Hamp, 1978).
Inhibition by substrate and product, as well as the use of a faster
stirring rate in the batch procedures in order to maintain the dis-
solved oxygen concentration above 20% of air saturation (Fig. 2)
may have had a negative inﬂuence on enzyme production, since
lower FPase, endoglucanase, and xylanase activities were obtained
in these experiments.
In contrast to the results reported by Hendy et al. (1984) for fed-
batch cultivation, in the present work no proportionality was ob-
served between the amount of substrate delivered to the system
and the maximum enzyme concentration obtained. In the earlier
work, a proportional increase in FPase activity was observed with
increased addition of Solka Floc. Maximum FPase activities of
10, 20, and 30 FPU mL1 were obtained for 50, 100, and 150 g L1
of cellulose, respectively.
Here, in fed-batch cultivation, maximum FPase activities of
around 6, 8, and 7 FPU mL1 were obtained for cellulose concentra-
tions of 20, 40, and 60 g L1, respectively, demonstrating a ten-
dency towards saturation and a maximum cellulase value
(Fig. 3B). Interestingly, endoglucanase (Fig. 3C) and xylanase(Fig. 3D) presented similar behavior. The most plausible explana-
tion for this is that even though use of the fed-batch procedure
could have alleviated mass transfer/catabolite repression (com-
pared to the batch procedure), these effects still continued to jeop-
ardize the overall biosynthesis of glucohydrolase.3.2. Enzymatic sacchariﬁcation of pretreated sugar cane bagasse
The enzymatic complex obtained in the fed-batch fermentation
using 40 g L1 of cellulose was also studied in terms of its capacity
to hydrolyze pretreated sugar cane bagasse at a concentration of
5% (w/v, dry basis), using an enzyme loading of 10 FPU g1, and
compared with the commercial Cellic CTec2 enzyme complex
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Fig. 4. Glucose (A) and xylose (B) concentrations after hydrolysis of 5% (w/v) pretreated sugar cane bagasse with either the crude ﬁltrate from Penicillium echinulatum or Cellic
CTec2. The enzyme/pretreated biomass loading ratio was equivalent to 10 FPU g1. An extra supplementation of b-glucosidase (NS 50010,Novozymes) was added to ensure
complete conversion of cellobiose to glucose.
602 L.d., Reis et al. / Bioresource Technology 146 (2013) 597–603(Fig. 4). Greatest glucose release occurred during the ﬁrst 24 h of
sacchariﬁcation, with the crude enzymatic extract of P. echinulatum
releasing 15% more of the sugar, compared to Cellic CTec2
(although the difference was not statistically different). Between
48 and 72 h of hydrolysis, the two enzymatic solutions gave similar
results (Fig. 4A).
At 72 h, the sacchariﬁcation yields in terms of glucose released
were 27.0% and 28.0% for the P. echinulatum and Cellic CTec2 enzy-
matic cocktails, respectively. These results were lower than ob-
tained for the hydrolysis of cellulose obtained from pretreated
sugar cane bagasse using either enzymes from Penicillium spp. or
the commercial enzyme Accelerase (Singh et al., 2009). The maxi-
mum yields, of 100% for Penicillium spp. and 58.2% for Accelerase,
were also obtained at 72 h of cultivation, using the same enzyme
loading (10 FPU g1). The authors suggested that the hydrolysis
could have been favored because the pretreatment eliminated
the lignin, enabling rapid hydrolysis of the cellulose. Moreover,
in the present work, the pretreated bagasse was dried prior to
the enzymatic hydrolysis. It is well known that the drying of pre-
treated biomass results in a substantial increase in its recalci-
trance, due to ﬁber horniﬁcation and dramatically decreased
enzyme accessibility (Luoa and Zhub, 2011). The drying of the pre-
treated bagasse could therefore have jeopardized enzyme access,
leading to low levels of enzymatic hydrolysis for both of the en-
zyme preparations tested.
The release proﬁle of xylose during the enzymatic hydrolysis
was similar to that observed for glucose (Fig. 4B). However, pen-
tose release using the P. echinulatum broth was 20–22% higher at
24 and 48 h, compared to the commercial enzyme, although the
differences were not statistically signiﬁcant. This suggests that
the P. echinulatum broth contained a greater diversity of en-
zymes with hemicellulase activity, compared to Cellic CTec2.
The maximum yields after 72 h of cultivation were 44.9% and
38.7% for the P. echinulatum enzyme cocktail and Cellic CTec2,
respectively.
The xylose concentrations obtained were lower than those re-
ported by Gottschalk et al. (2010), who employed enzymatic
broths produced by T. reesei and A. awamori (10 FPU g1) for the
hydrolysis of pretreated sugar cane bagasse. The greatest release
of xylose (1.6 g L1) was achieved using the A. awamori extract,
and was attributed to the ability of this organism to secrete large
amounts of xylanases and b-glycosidases. However, the glucose
levels obtained were lower than those obtained here for P. echinul-
atum S1M29.
Delabona et al. (2012) tested the efﬁciency of enzymatic broths
produced by T. harzianum P49P11 and T. reesei RUT-C30 grown on
pretreated sugar cane bagasse, using the same hydrolysis condi-
tions employed in the present work, and obtained yields of xyloseand glucose that were lower than those obtained here for P.
echinulatum.
4. Conclusions
The ﬁndings of this work demonstrate the potential of the
S1M29 mutant strain of P. echinulatum to produce high levels of
cellulases and xylanases in a bioreactor employing batch and
fed-batch procedures, and also conﬁrm the effectiveness of the
enzymatic broth for hydrolysis of pretreated sugar cane bagasse,
which is an important route for the production of second genera-
tion ethanol. Further studies should be undertaken to evaluate
the effects of higher concentrations of cellulose and shorter feeding
intervals.
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